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ABSTRACT ‘

A wideband, circularly polarized antenna system has been developed !
for use on spin-stabilized synchronous satellites. The satellite is assumed to
be a right-circular cylinder of 84-in. diam and 77.3-in. height, The antenna

consists of two circular arrays of 12 radiating clements equally spaced around

the circumference of the satellite. The axial spacing between the two arrays

is 40 in. The basic radiating element is a crossed dipole with flat open sleeves,
and the VSWR is less than 2.5:1 over a 1.8:1 frequency band (225 to 400 MHz). |
Both the dipoles and sleeves are of wirc-prid construction for minimization

of solar cell shadowing., The clectrical performance oithe antenna is established 01
on the basis of half-scale model measurements, It is shown that the antenna z

can provide an EOE gain {gain in the direction of the edge of the earth) of miore

than 9. 3 dB from 225 to 250 MHz and at lecast 8.5 dB from 250 to 400 MHz.
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I. INTRODUCTION

The objectives of this study were the development and experimental
demonstration of the RI" feasibility of a wideband, circularly polarized
antenna system for use on spin-~stabilized satellites at synchronous altitude.
The antenna system is required to operate over a frequency range of 225 to
400 MHz, and sufficicnt antenna gain rnust be provided 1n the direction of
thc edge of the carth (EOE). The general electrical performance require-
ments are summarized in Section IIA,

The satellite is assumed to be a right-circular cylinder of 84-in,
diam and 77. 3-in. height. In order to mecet the bandwidth and gain require~
ments, the recommended anterna configuration is a two-bay, circular array
of open-sleeve dipcles, Each array consists of 12 elements equally spaced
around the circumfcerence of the satellite, and the axial spacing between the
two arrays is 40 in. Since the entire surface of the satellite is covered with
solar cells, shadowing of the solar cells by the antenna must be minimal.
For this reason, the dipoles and sleeves are of wire-grid construction.
Clear quartz is recommended for the sleeve and dipole supports.

A half-scale model was used for evaluation of the electrical perfor-
mance of the antenna, Pattern and directivity measurements were made
over the 450 to 800 MHz frequency band. An axial dipole spacing of 20 in,
and a dipole-to-reflector spacing of 5 in, were used for most of the measurce-
ments, However, measurements were also made with other spacings in an
cffort to optimize the array performance. Results of these micasurements
are discussed in Section III. On the basis of the measured pattern and
directivity characteristics of the half-scale model, the electrical perfor-

mance of a full-scale antenna has been projected, and the results have indi-

cated satisfactory compliance with the specified gain requirements. The EOL

gain is greater than 9, 3 dB from 225 to 250 MHz and at least 8.5 dB from
250 to 400 MHz. A detailed discussion of the full-scale antenna configuration

is given in Section IV,

e s em e e——————— =
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II. DESCRIPTION OF ANTENNA SYSTEM

A, REQUIREMENTS AND DEVELOPMENT CONCEPT

The proposed antenna system is intended for use on spin-stabilized
satcllites that operate at synchronous equatorial orbit with the spin axis
rarallel to the earth's North-South pole. As previously mentioned, the
spacecraft is essumed to be a right-circular cylinder of 84-in. diam and
77.3-in, height, DBecause the entire cylindrical surface is covered witn
solar cells, minimal shadowing of the solar cells by the antenna is an
important consideration.

The antenna is an electronically despun antenna, and there are no
strict requirements on the antenna beam shape and sidelobe levels, How-
c¢ver, the gain levels must be met and circular polarization is required,
The gain specifications at the earth's limb for the anteuna system are given
in Table 1. The gain includes all the losses associated with the antenna

system but does not include the diplexer losses.

Table 1, Anienna Gain Specifications

Frequency, Gain at Earth'!s Limb,
MHz dBi
225-250 9.0
250-400 6.0
250-350 6. 0 minimum

The antenna configuration is an array of crossed, open-sleeve dipoles

capable of cleetronically switching the beam through 24 different positions

cqually spaced around tne satellite's equator. Twenty-four crosscd slecve-

dipoles arce arranged to form two circular arrays of 12 clements cqually

spaced aboutl the circumference of the satellite. The two circular arrayey

PRECEDING PAGE BLANK--MOT FILED
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arc spaccd 40 1n, apart in the axial direction. The antenna beam is
electronically despun, and only a 2 X 2 array is cxcited at any once time,

The dipoles are fed in a similar manner as in the ILES-6 aintenna system
(Refs, 1 and 2). When two adjacent paivs (2 X 2 array) of ¢rogsed dipoles
are excited, a dirvective, circularly polavized radiation patiern is formed
witn the beam pceak normal to the spin axis. By mecans of clectronic sequen-
tial switching and phasing. as in the LLIES-06 system, the beam is gcanncd
through 24 cqually spaced position. A sensor-controlled switching logic
puints the beam toward the carth as the satellite rotates. In order to obtain
two beatns from fwo adiacent antennas, a difference of phase vs applicd
between the signals at the two antennas, By reversing the phases of the two
antenna sipgnals, the beam can be scanned to another position. Py succes-
sively swatchimg a phase delay between the antennas, eop., ¢ 25 deg, o beamn
can be generated every 1Y deps Noadiocoent parr as ever tedan phase
beczuse the proper delav s mnserted to scan the beam 27,5 deg about the
in-plase position, The two beams generated trom two adjacent antennas,
the beam switehing tocations, and the beann positions relative to the cartl
arce shown in Fig, 1, The FOF position, which is 8,065 depg rrom the center
of the carth tor o synchronous orbit, s also shown,

As in the LES-O system, the antenna system can be provided with a
fail-sare mode of operation, Provisions arce made for switching the antenna
to vield ar ommidirectional pattern in the cvent of tailure in the sensing,
logic, and switching circuitery.,  System gain would naturally be less & 1o

10 dB) than norimal, However, certain conununication links can still be

provided between the satellite and the high-performance terminals,

B, SATELLITE AND ANTENNA MODF 1,

The RF performance characteristics of the antenna were evaluated
with the usce of a half-scale model, Figure 2 is a photograph of the satellite
model with open-sleeve dipaleg, The model is a right-circular cvhinder
of 42-in, diam and 38.7-1in, height and 18 covered with a4 perrorated aluminum

shecet,

i
1
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Wideband impedance and pattern performance were obtained with
open-slecve dipoles (Refs. 3 and 4), A VSWR responsc of less than 2.5:1
! was obtainced over the 225 to 400 Mllz band, Sleeve antennas gencerally have
wider pattern bandwidth characteristice than conventional cylindrical (fat) ‘
dipoles (Ref, 5). In the present system, the dipoles and sleeves arce of
wite-grid construction for minimization of solar cell shadowing. The
crossed, sleeve dipoles are shown in Figs, 2 and 3.

The original open-slecve antenna reported by Darkley (Ref, 6) con-
' sisted of a dipole with two closely spaced parasitic elements,  The fength
of the parasites (3leeves) was approximately one-halt that of the center-
fed dipole.  An experimental study (Ret. 3) indicated that a wide variety of

sleeve contigurations ¢an be used without any degradation ain the VSWR

resvonse,  For simplicity of construction, & flat sleeve arrangemoent was

ol e, Lt

' ‘ sclected for this study,  The flat wire-grd construction and the Styvrofoanm
slecve supports are shown m IFigs, 2 and 3,

The construction details tor the cragscd, open-sleeve dipoles, N

diclectme supports, ond balun arce given in Mg, 4, The wire-grid assenibly
consists of 0,020-in, diam steel wires spot=welded topether aned subse-
l, quently silver plated. Ting construction simulates a solid mictallic surtace,

The offective diamnmcter (Ref. 77 fa wire-grid dipsle can be expressed as

1/n

whore

! d - diamicter of the wire "cape"
n - nuwnber of wires

' d - diamcter of wires

e




Figure 2, Photograph of Satellite Model With Open-
Sleeve Dipoles

Fipgurce 3. Closcup View of Crosscd, Open-Slecve
Dipoles
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Thus, the effective diameter of the dipole shown in Fig, 4 is 0.481 in,

The number of wires used in the flat sleeves was determined cxperimentally
by noting the change in VSWR response when wires were added to or removed
from the sleeves.

The feed line for the dipole (Fig., 4) is a copper-clad, 0. 141-in. diam,
semirigid coaxial cable. The balanced line of the balun is also a length of
this semirigid cable but without the center conductor, The short circuit of
this line 1s coincident with the reflector surface. The dipoles are screwed
into the feed terminals, and the sleeves are supported by Styrofoam.

The polarizer unit used to achieve quadrature phase relations between
the orthogonal dipoles consisted of a wideband hybrid (Anzac Electronics,
Model No. 11-8) and a 90-deg phasing cable cut for cach of the test fre-
quencics., (Wideband quadrature hybrids were not available for the experi-
ments. ) Four crosscd dipoles (2 X 2 array) were fed simultancously through
a corporate feed structure as shown in Fig, 5. For reference, Fig. 5
also shouws the relative positions of the antenna elements and the coordinate
system usecd 1n the mecasurements,

The feced for cach dipole 1s considered to be from the feed=input port
to the dipole-balun port. The measured insertion loss charact-~ristics are
shown in Fig. 6. The data points represent the average loss as detected
at the eight dipole-balun ports; the Lars represent the peak deviation of the
measurements. The true feed network insertion loss is detined as the measured
power transfer less the 9 dB associated witl the cascading of three 3-dB power
dividers. The input VSWR to the feed network when the cight dipoles were

connccted according to Fig, 5 is shown in Table 2.

Table 2. Feed Network Input VSWR

Frequency,

MHz VSWR
450 1.15
500 1.26
600 1.20
700 1.25
800 t.36

-9-

= e - g e




-
NO I SET COINCIDES Nf.z . o))
WITH X- AXIS OR AT ﬁ J noz 1My
- 0o
¢ O NHH?\: VI” VZ A : NH3
g B Y
lSVIZ - lsi,
SHy, | \l\ Sv, JI/S"S
S /
X é o /
' N 5 N S
v, 7 Vo V2
M, /44 H, /4* iz H,
—— —r— —r—
4 Yo o glllpo%qe
o ] ° LU
90 90 90 BALY
H-§ H-8 H-8 -
T — | B
L H_EF_J H-8

AZIMUTH PHASING
A¢ = 23.3° AT 450 MH:

O N O

|
FEED INPUT

H-8

HYBRID POWER DIVIDER, ANZAC ELECTRCNICS

Figure 5.

Coordinate System and Antenna Feed Network

-10-




on the model was 20 in. (40 in. full-scale).

with spacings of 18 and 22 in,

made with spacings ranging from 4. 31! to 6.25 in.

For most of the measurements, the axial spacing between the dipoles

was 5 in. (10 in. full-scale). However, some measurements were also
A length of RG-58/U
cable was used to provide the phase delay, and a relative phase of 25 deg at

225 MHz was used between the elements in the azimuth ¢ plane,

no

T

NETWORK INSERTION LOSS, dB

| IR I R

2O
o
o

Figure 6.

500 600 700 800
FREQUENCY, MHz

Insertion Loss of Antenna Feed Network

Some data were also obtained

Normally, the dipole-to-satellite spacing
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III. RESULTS

A, PATTERNS AND DIRECTIVITY

1. 20-IN. AXIAL DIPOLE SPACING AND 5-IN. DIPOLE-
TO-REFLECTOR SPACING

The measured radiation patterns in the equatorial (azimuth) and polar
(longitudinal) planes of the satellite are shown in Figs. 7 through 11. For
these measurements, the axial spacing between dipoles was 20 in., the
dipole-to-reflector spacing was 5 in., and the azimuth phasing cable was
equivalent to 25 deg at 450 MHz.

The patterns were measured in an anechoic chamber (Ref. 8) with the
transmitting antenna comprised of a 6-ft diam parabolic reflector located at

the tapered portion of the chamber (I'ig. 2). The parabola was illuminated

N— . L, -

with a conventional sleeve dipole (Ref. 5) fecd mounted in a cylindrical cup
(Ref. 9) such that the E and H plane patterns were equalized. The dipole was .
rotated at a speed of 60 to 80 rpm as the patterns were recorded. This !
provided a measurec of the axial ratio of the test antenna at all aspect angles,
The response to a circularly polarized wave can be obtained from the *
pattern recordings by taking the RMS value of the maximum and minimum
amplitudes (major and minor axis of the polarization ellipse) at each aspect

angle. The half-power beamwidth (HPBW) of the patterns for a circularly

polarized wave are shown in Fig. 12. The data points represent the average
values of three to seven measured patterns; the bars represent the maximum
deviation. The ¢ pattern shows an increase in the HFBW at 700 MHz. This {

is believed to be due to a "resonance'

effect caused by the arrangement of
the sleeves. This resonance effect would occur at other frequencies if other

sleeve configurations were used.

Gain measurements were made on the half-scale model by using the

substitution methcd. In this method, the satellite antenna is compared to a

"'standard gain'' antenna, which is a corner reflector with a feed dipole tuned

i .
k

-13-
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} 0. EQUATORIAL PLANE PATTERN

b POLAR PLANE PATTERN

Figurce 8. Mecasured Radiation Patterns of 2 X 2 Array at 500 Mliz
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for each of the test frequencies to yield a VSWR of less than 1.2:1. Two
mechanically identical corner reflectors were made for each of the test
frequencies and calibrated on an outdoor antenna range by using the two-
anteana method. Measurements were obtained for several different dis-
tances between antennas. The standard deviation was less than 0.15 dB.

A typical corner reflector that was used as the reference antenna
is shown in Fig. 13, TFor each gain measurement, the reference signal
was recorded with the corner reflector mounted as shown in ipy. 14. The
corner reflector was removed when the signal from the test ante *na was
being recorded, Care was taken to ensurce that the phase center of the
satellite antenna “assumed to be at the surtace ol the cylinder) and the cor-
ner reflector were located the same distance trom the transmitting anteana.

At eachtest trequency, the gain was measuraed at three different range
distances, at two satellite positions (17 axis pointing to the east and then to
the west), and with the transmitting antenna polarization aligned alony the
major axis of the polarization cllipse.  This procedure was repeated with
the polarization aligned with the minor axis ol the polarization ellipse.  lhus,
cach Jata point for a given frequency represented the averape of 12 mea-
surements. Corrcclion tactors werce usced to normalize the pgain oo the satel-
lite antenna with respect to a circularly polarized wave source since lincarly
polarized transmitting and reference antennas were used. [ndependent gain
measurements were made as the experimental program proceeded in order
to obtain a pood estimate of the mean pain and its variance, These measure-
ments were made under the tollowing conditions: (1) with cables disconnected,
then reconnected, (2) with other groups of dipoles, and (3) with both of the
calibrated reference antennas, These difterent conditivns together with
repeated micasurements provided sulficient data tor determination ot a mean
value for the gain.

The results of the array gain measurements are shown in Fig., 15,

The data points (circles) represer the mean values for cach trequency, the
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bars represent the scatter of the data, and X represents the standard deviation
S4- The curve is a fourth-order polynomial equation least squares fit to the
data. The standard deviation ol the best-fit curve is 0.3 dB; n indicates the
number of samples used. ]
The measured directivity was determined by adding the fced network
loss, whichisthe Joss from thie feed input to the balun terminal, and the mis-
match loss to the measured gain. The network loss is shown in Fig. 6. The
mismatch loss was determined froni the VSWR of an individual dipole looking
into the balun terminals (Section IIIB). The measured dircetivity is shown in
Fig. 16. The RRSS value of the variances, i.¢., reference antenna calibrat.on
{0.2 dI', 19), feed network losses (0.1 dbB. 15), mismatch losses (0.1 dB, 1),
and the array gain measurements, was uscd 1o obtain a value of 0.39 dB for the
overall deviation of the measured directivity,
The directivity was also obtained by numerical integration of the mea-
sured radiation patterns over 47 sterad. 'Conical cuts, ™ i.e., patterns
defined by E(0 = 01, ¢}, were made in 5-deg increments of 0 to obtain the !
volumetric radiation pattern ol the array. The directivity can be calculated

{from

dT

D =57F 5
f / E“(0, ¢)sin 0 d0 do
o Jo

(1)

The antenna directivity computed by graphical integration of a sct of radiation

ratterns is shown in Fig. 7. ‘
The difference between the measured and computed directivity is con-
side - d to be the los in the antenna element. This loss can be atiributed to !

L shpole, sleeves, balun, reflector, and other unacconntable factors, On
the average, the antenna loss is 0. 28 dB,
The computation of directivity by graphical integration ol the measurcd

radiation patterns is a time-consuming task. 1{ requires approximately § v
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of pattern measurements in addition to the time required for data reduction.
Therefore, a more simplified procedure for obtaining a rapid estimate of

the directivity is desirable. A reasonable approach is the use of the patterns

in the two principal planes, i.e., E(0, ¢ = ¢,) and E(6 = 90°, ¢), where ¢, is the
angle of maximum intensity in the equatorial plane. The antenna directivity

can be approximated (Ref. 4) by

D =D, Dy (2)
where
2
D, = (3)
v T 2
E , & = i d
/o (6, ¢ ¢1)sm6 0
and
D s (4)

H 2 .
o "2 (6 = 90°, p)dp

where the pattern is normalized to the beam peak. DV is the directivity
enhancement in the ''vertical'' plane pattern as if the azimuthal pattern were
omnidirectional, and DH is the enhanced directivity in the '""horizontal' plane
since the array pattern is not omnidirectional. This approximation is based
on the assumption that the 6 plane patterns are independent of the angle ¢ and
vice versa. Experimental data have indicated that the relative shape of the
6 plane patterns are fairly close for various angles of ¢ in the major portion
of the main beam, i.e., E(0, ¢ = ¢1)NC E(6, ¢ = ¢2), where C is a constant,
and 9y and $, are confined to within 10 dB of the main beam peak.

The directivity as compared with the integration of the measured pat-

terns over 41w sterad is shown in Fig, 17 based on the approximation of Eq. (2).
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The comperison is within 0.75 dB and averages 0.44 dB. The DVDH values *

for each frequency were derived from the integration of a number of patterns

(a minimum of (our)., The average standard deviation of all the mean values
is 0,2 dB; the highest is 0.36 dB, This procedure yields fairly accurate
results for rapid estimation of the directivity. In many cascs, only the
principal plane pattcerns arc available. |
The EOE gain is the important factor for the systems cngineer in
determining the power budget. In the polar plane, the decrease in antenna
gain 8.65 deg from the beam peak is considered, In the equatorial plane,
the EOE is considered to be 8.65 deg away from the two beam switching posi-
tions (Fig. 1), i.e., ¢+ - 8,65 and + 23.65 deg. The measured ECE correction
(decrease in gain from the beam peak) values for the two planes are shown in
Fig. 18, The vertical bars represent the scatter of the data. The mean value
for cach Irequency is also shown. A second-order least-squares fit curve is !
plotted, and the standard deviation from ine best-fit curve is shown in each
plot. For comparison, the theoretical EOE ripple is shown as the solid curve. !
The EOE dircctivitics derived from the measured directivity and the experi-
mental EOE ripple are plotted in Fig. 19. The standard deviation of the best
estimate of the EOE directivities is noted on each curve. This was obtained "
by taking the RSS value of the standard deviation of both the measured direc-
tivity and the EOE ripple.

2. OTHER DIPOLE SPACINGS

In this section, the performance of the array is described for dipole-to-
reflectcr spacings of 5.5 and 6 in. and an axial spacing of 20 in., and for a {
dipole -to-reflector spacing of 5 in. and axial spacings of 18 and 22 in, The
pertinent pattern and gain characteristics with respect to a circularly polar-
ized source arc presented.

The radiation pattern characteristics for dipole-to-rcflecctor spacings

of 5.5 and 6 in. and an axial spacing between dipole elements ¢f 20 in. arc
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shown in Figs, 20 through 22, The measured patterns in the polar and
cquatorial planes arc shown in Figs, 20 and 21, respectively. The half-
power beamwidths are shown in Fig, 22, For comparison, the pattern char-
acteristics for a dipole -to-reflector spacing of 5 in. are also shown,

Larger dipole-to-reflector spacings were also investigated for improve-
ment in the VSWR of the dipolc elements, The element pattern beamwidth is
wider because the dipole-to-reflector spacing is larger than 0.25\, which is
the point where beam bifurcation begins to occur. An improvement in the
VSWR was obtained (Section IIIB), but no significant change was observed in
the gain and becamwidth characteristics at the low end of the frequency band.
The beamwidth increased slightly at the high frequency end, thus decreasing
the EOE ripple. However, this was offset by the decrease in directivity that
was caused by the increased sidelobe levels. The measured directivities are
shown in Fig., 2Z.

Figurcs 20 through 23 show that there are no significant changes in
pattern and directivity characteristics at the low end of the frequency band
bececause the elenient pattern beam bifurcation is not prominent, However, at
the highcr frequencies, where the dipole-to-reflector spacings are 0. 37X\

(5.5 1in.) and 0,41\ (6 in,) at 800 MHz, a noticeable split is show.w in the cle-
ment patterns (Ref, 10). This causes a wider array beamwidth and increcascs
the sidelobe levels, The sideiobe level change is shown in the patterns for
both the polar and equatorial planes at 800 MHz. At 450 and 600 MHz, only
the spacing patterns at 6 in, were plotted for comparison with those at 5 in.

It should be noted that the excessive loss in gain was predominantly due to

the increasced sidelobe levels rather than the increased half-power beamwidths,

The measured half-power beamwidths for axial spacings of 18 and
22 in. and a dipole-to-reflector spacing of 5 in, are shown in Fig, 24, With
a change in the axial spacing, only minor perturbations would be expected
in the o planc pattern, However, the 6 planc would be expected to show the
nicasurable pattern changes.  The predicted gain change is only a few tenths

A fram the nominal 20 in, spacing as illustrated in Fig, 25, which is a plot
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of DV as a function of the axial spacing, where DV is the directivity
cnhancement in the 6 plane, DV was computed from Eq. (3) with the use of
the measured element patterns (Seclion IITA3). Because of the variancec in
the gain measurements, the chance of detecting a change of £0.25 dB with any
significant degree of confidence would require many measurements. There-
fore, gain mecasurements were not attempted. Howevcer, the differential

gain can be established experimentally by determining DV from the integra-
tion of the mcecasurcd radiation patterns. In Table 3, the ADV valucs as

determined from @'ig. 25 are compared with those from the mecasured Dv

values,
Tablce 3. Comparison of Computed and Mcasurced ADV
for saxial Spacings of 18 and 22 in.
' Mecasured
AD,., dB
Frequency, DV’ dis ! Vv di
MHz 18 in. 22 in, Measuvred Computed

450 4.98 5.45 + 0.47 + 0.47
600 5.65 5.3 - 0.35 - 0.29
800 4.85 4.9 + 0.05 - 0.12

3. COMPARISON OF MEASURED AND CCMPUTED DATA

Patterns in cquatorial and polar planes of the satellite were computed
from a simplified array theory by using the measured element patterns of the
wire~grid, flat-slecve, crosscd dipoles. In this secticn, comparisons arc
macdec of the measured and computed patterns, EOE ripple, and directivitics.
The clement patterns were measured with the use of a right-circular cylinder
of 30-in, diam and 48 ~in. height instcad of the 42-in, diam satcllitec model
because of a time and scheduling problem in the antenna laburatory. The
cylinder, which was available from previous experiments, was covered with
1-in, wire mesh netting in order to simulate the metallic surface of the satel-
lite. For the intended objectives of the study, the diiferences in the clement

pattern measurcd on a 42-in, and a 30-in, diam muodcl were not expected to

gignificantly affect the results of the array computations.
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The crossed, open-sleeve dipoles (Fig. 3) were mounted midway along
the surface of the cylinder and spaced 5 in, from the metal surface. E and
H plane patterns were recorded for both the axially and transversely mounted
dipoles. The response for circular polarization was derived by calculation of
the RSS value of the two measured fielgl__c_qgl_ggnents. For example, the RSS
field in the azimuth plane is given by \/E?i + E%, where El is the H-plane
pattern of the axial dipole, and EZ is the E-plane pattern of the transverse
dipole. The polar plane pattern was determined in a similar manner. The
element patterns ol the crossed dipoles in the azimuth and polar planes
are shown in Figs. 26 and 27, respectively. It is interesting to note that the

element patterns can be closely approximated by

Ee(o) = 0.224 + 0.776 cos

E_(6) = 0.224 + 0.776 sinl*%°g , 0-8 < 180°

These mathematical expressions [or the clement patterns can be used to
simplify the calculations for the array patterns and directivity.

The equatorial plane patterns for the 42-in. diam satellite model with
two antennas mounted 30 deg apart are shown in Fig. 28 based on the element
patterns of Fig. 26. The cffects of mutual coupling, reradiation [rom the
cylinder, edge effects, and the radiation phase pattern of the individual clec-

ments were neglected in the computations. The array pattern is given by

Eio) = EC(Q)cha Cos o Ee(300 _ ¢)CJ(ka cos{30°-0)+0) (5)
where
};'C = measured element patterns
k = 25/\
a = phase center radius (assumed to be at the surrface
of satellite)
b = phase delay

e q——

R P




> >N o DN VRS B AT IR T
\,\'[-_. v T\ . LT L Y ‘I

[ AI02 = RUN 24 A OLE
N ALY Ve . hell

Figure 26. Measured Element Patterns (Circular Polarization)
of Crossed, Open-Sleeve Dipoles in the Equatorial

Plane
-39.
N T e e A 7‘:;:_,-.;:: — = e . I _:_.__._ :;‘_2_.‘, e

fetpefd @y, s




o

é‘

, dB

TIVE

v
472

3

g ' SRELA

ept Ak - ) KRN\ A SR
I TR ik APELACOITRA WA WA WL ~ ¢ N

corvesenns E(§) = 0.224 +0.776 sin'-29 8

N P Y EREES RERR:

Figure 27. Measured Elernent Patterns (Circular Polarization)
of Crossed, Open-Sleeve Dipoles in the Polar Plane

-40-

e




R el oo o LN R
\ ,‘190°;80°-/75@‘6
ANV /

5@7’ R0

0 ‘ i
. '@?ﬁ\ TN NEEA |
\ :llzs—. “ ;'_zl.‘b; ‘I-,._ ¢ .-1'-1 Tk I _ : »
SIS 5 L T e e i a o

R‘ELA_TIYE‘PQWER:, Bgff g0 A L7 ":/’_ 40/30\< -

LR
- y

AN £]

XA T NN
' \ A

) RN 20N LA NN ) /
\ AT computen o >
&X\“‘"" 44.4°7 ':‘ "_-. T ;.;:14'..‘ :
SN T N i kAU O

(e ExPERIMENTAL [N
P ‘,’;;E A San TRIGE .

~——
-

<-f20\'L;f-|o.g_;z_, 71
= \'i\‘RELAT_I\’/_El P.OW_Ej,*dB '. 5
A / 8,Op_M\H2\ ’ ! N

. '-:3:..";:;
s
o TR T
e \v N A ST
'\ . /‘.. . »"",".- T
RN A o N .0 ‘ =300 L R
’ e S, NT rd e

Figure 28. Computed and Mcasured Equatorial Plane Patlterns

v,

-41-




- —————— . —

———— e = e

The phase delay 6 is 25 deg at 450 MHz and since the phasing section is a

coaxial cable, the phase at the other frequencies corresponds to the time
delay in the cable. The pattern in the backlobe region is not shown because
computations for pattern levels 15 to 20 dB below the beam peak would prob-
ably be unrealistic due to the assumptions that are made.

The experimental data points plotted in Fig. 28 permit comparison
with the computed patterns. Relatively good correlation is shown in the main
lobe and the sidelobe levels. The angular locations of the minima on the 600
and 800 MHz patterns indicate that the choice of the phase centers at the
satellite surface is satisfactory. For the five patterns shown the experimental
peints have an average standard deviation of 0.25 dB within 3 dB of the main
lobe peak and 0.57 dB in the remaining portion of the pattern. The standard
deviation increases to 1.3 dB in the low-signal regions of the patterns, The
data points are the average of from three to seven patterns such as those
shown in Figs. 7 through 11. They represent the response to a circularly
polarized wave and were obtained by taking the RMS values of the maximum
and minimum amplitudes (major and minor axis of the polarization ellipse)
at each aspect angle.

The radiation pattern in the polar plane (Fig. 29) corresponds to that of

a hroadside array of two elements fed in phase, or

TS
E(8) = Ee(e) cos(-r cos 6) (6)
where
€ = angle measured from the longitudinal axis of
the satellite
E (0) = measured element pattern

s = axial spacing of the elements

The experimental data points are superimposed on the computed polar

patterns. Good correlation is shown in both the main lobe and the sidelobe
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levels. The experimental points have a peak deviation of + 0.3 dB in the main
lobe and generally within £ 0.5 dB in the remaining portion of the pattern except
near the low-signal region. The patterns are shown for the angular region of

8 = 0 to 90 deg because symmetry exists about 8 = 90 deg. The data points
represent the average of numercus patterns as well as the patterns in the

range 0 = 90 to 180 deg. The patterns were measured in a great circle cut
through the azimuthal beam peak generally in the plane that contained the

angle ¢ = 5 deg.

The equatorial plane patterns were formed by the excitation of two
antennas with a differential phase. Since the phasing section was a coaxial cable,
the phase varied with frequency. The radiation pattern "'ripple' or the gain
decrease in the EOE direction (relative to beam peak) at the switching position
is the factor that causes a severe reduction in the gain for the ¢ plane, The EOL
ripple was determined from the equatorial plane patterns of Fig. 28. The EQE
angles that correspond to switching positions S1 and S2 occur at ¢ = - 8.65 and
+ 23.65 deg (Fig. 1). The computed EOE ripple is shown in Fig. 30 as a
function of the phasing between the two elements with frequency as a parameter.
Optimum condition occurs when the phase delay corresponds to the interscction
of the - 8,65 and + 23, 65 deg curves of Fig. 30. However, since the phasc delay
varies witn frequency, a compromise must be made in the selection of the
phasing cable length. (The designer must select the phase that provides the
optimum performance over the entire frequency band.) A comparison of
computed and measured EOE correction values is given in Fig. 18 for both
the polar and equatorial planes.

The directivity of the antenna was calculated from the computed
patterns with D = D‘.’DH as described in Eq, (2). The results arc compared

with the mceasured values in Fig, 31,

1, VSWR AND MUTUAL COUPLING

The VSWR characteristics of the irdividual open-sleeve dipoles in the

half~scale model were measured for various dipole~to-reflector spacings and
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an axial dipole spacing of 20 in. The crossed dipole-pair I\'V1 and NH1
(Fig. 5) was selected for these mcasurements and all other dipoles in the
array were terminated in a 50-ohim Joad,

The measurca VSWR response of both the axial and trarsverse dipoles
for several dipole-to-reflector spacings is shown in IFig. 32, In all cascs,
the overall VSWR responsce of the axial dipoles appears to be slipghtly better
than that of the transveise dipoles. This is believed to be due to the difference
in coupli:z ettec s 1 should be mentioned that the VSW R ot the individual
dipoies in the nalt-s5:al. model was preater than that tor the full-scale moriel
beoruse the dip e oo cters were nol scaled exactly: ioe., the individual
cire-arad divo) s oased an tive hall-scale model array had an ettectine diameter
of 0,431 in (F1 D although 1-1/% in. is recommended tor the tull-scale model :
arvay : oag. 35, Section IVi. The VEWR characteristios of a ili-scale wire- 4
voad, Hat-sleeve dipole are heacussed i Section oV, ’

Coupling moasuraments were conducted on a group ol four elements
{2 X 2 array) encited Lo 0 dircudar polavicativi, The naanitude vy coupling
wis measurcd at the input port of cach clement with the other ree excited
and the remaiaing 2€ elements in the array terminated in matcrerd loards, A\ ‘
phasin: cable witn an cquivalent phasce delay ot 2o dez at 450 Mile was usced
to provide a phase ditferestial hebvween the circuniterential elenents, Tae
MeASHrenehHis were nraa. 1 an anechole cnas wer to reduce the citeots Lron:
surrounding objeats.

The mearsurcd coupling versus frequency for an asial dipole spacing of
1 ~ I3

| 8Y]

2 in. is shown in g, 33, Thce relerence reading was taken a- the input
power to one clenent. At cach irequency, the vircles represcat thie aserace
coupling value ol the four clements; the bars indicate the range ol variations.
On the averave, the mnceasured coupling ranges trom aboul - 1o db at the low
end of the {requency band to about - 24 d1 at the high end. The VSWR response
al cach clenient was also measurcd with the other three celements terminated

in an open ciyeuit, short circuit, or a matched load., No discernible change

was obseroeda.
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C. OTHER INVESTIGATIONS

1. SHADOWING

The objective of the wire-grid configuration was to minimize shadowing
of the solar cells caused by the radiating elements. As previously mentioned,
this construction simulates a metallic surface. The full-scale crossed, open-
sleeve dipole mounted on a partial cylinder of approximately 84-in. diam is
shown in Fig. 34. The cffects ol shadowing on the satellite surface are shown
for two aspect angles. The dielectric supports for the dipoles and slceves
are constructed of lucite in order to simulate quarts in the final antenna.
Shadowing is shown from all the edges. The dipole shadow reveals a minimum
of four and as many as cight wires. The worst shadowing occurs from the
balun, which produces a shadow as wide as 0.43 in. The holes for the dipoles
and the slits for the slceves would be eliminated in the final model, Instead,
the wires would be passed throuph holes in the quartz matcerial. This would
reduce the shadowing by the dielectric edpes,

The worst-case shadowing should be a consideration in the design of
the solar cell array. The length of tin'2 the shadow persists, the time con-
stant of the solar cecll subsystem, the expected loss in power, and other
deleterious effects should be investigated and methods established for resolving

the problems.
2. OMNIDIRECTIONAL PATTERN FOR FAIL-SATFE MODE

As mentioned in Section IIA, the antenna system ccn be provided with
a fail-safe mode of operation., Provisions can be made for swilching the
antenna to yield an omnidirectional pattern in the event of failure in the sensing,
logic, and switching circuitry, System gain would naturally be less (5to 10d13)
than normal. However, certain communication links would still be provided
between the satellite and the high-performance terminals,

Preliminary equatorial plane pattern computations indicated a deviation

from circularity of less than # 0.3 dB at 225 to 300 MHz (full-scale) and

Neamlag e L e




1.5 dB at 400 MHz. If we assume that the pattern is omnidirectional, then

the loss in directivity is the factor DH described in Eq. (4) or the directivity

of the array is equal to DV (Fig. 25).

Figure 34.

!
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L

a. SUNLIGHT DIRECTLY QVERHEAD

b. SUNLIGHT AT AN ANGLE

Photographs of F'ull-
Scale Wire-Grid
Dipole and its
Shadow
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Iv, FULL-SCALE ANTENNA CONFIGURATION

A, MECHANICAL CONSIDERATIONS

A brief study was devoted to the mechanical design problems
associated with the full-scale antenna using an open-sleecve dipole as the
basic radiating element. Although no comparison was made between the
open- and conventional-sleeve dipcles, it appears that either should provide
nearly equivalent electrical ¢haracteristics, In order to determine the
mechanical advantages of the two sleeve dipole arrangements, an in-depth
study would be required of all the launch, stowage, and space environments
as well as fabrication techniques. The open-sleeve dipole was selected for
the experimental work for the sake of ease in making adjustments of the
antenna parameters and because of a simpler fabrication procedure. The pre-
sent flat-sleeve dipole is an outgrowth of the initial study of crossed, open-
sleeve dipoles, which used a tick-tack-toe sleeve arrangement (Ref. 3).

The dimensions of the full-scale wire-grid flat-sleeve dipole are
shown in Fig. 35. A full-scale laboratory model was constructed for use in
making VSWR tests and for studying the effects of shadowing (Fig. 34). The
dipole is 20.¢ in. long and consists of eight, 20-mil diam wires equally
spaced on a 1.59-in. diam circle. T1he "wire cage,' which simulates a solid
metal surface, has an effective diameter of 1.13 in. The dimensions shown in
Fig. 35 are considered to be nominal because some slight modifications may
be required for optimization of the electrical characteristics.

In the recommended configuration, clear quartz is used for the sleeve
supports in order to minimize shadowing of the solar cells. It is also recom-
mended that the quartz edges have sharp ccrners in order to minimize the
shadow area created from the edges. If desired, the sleeve can also be
secured to the balun structure by a dielectric material. The dipole wires
and sleeve wires are passed through the quartz material by way of 21-mil
diam holes. The feed point vicinity demands special design considerations

because it must be rigidly secured, and the copper and te”lon portion of the
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coaxial cable must be protected from the radiation environment. Thus, a
quartz cylindrical cap filled witk foam is suggested.

The balun consists of a coaxial feed section and a metal tube for the
second arm. This tube should be used as the main mechanical support for
the dipole assembly. Because there is a balun for each dipole, two structural
tubes are available for the cantilever beam design.

Any additional supports that may be required for protection of the dipole
assembly during launch were not considered in the present study. Further-
rnore, the concepts presented in Fig. 35 were given only a cursory evalua-
tion in determining the survivability of the dipole assembly in a space and

potential nuclear environment.

B. ELECTRICAL PERFORMANCE CHARACTERISTICS

The electrical performance characteristics of a full-scale antenna are
projected here on the basis of the results obtained from the half-scale model
measurements, The basic radiating element is a crossed, wire-grid dipole
with flat, open sleeves, although closed-sleeve dipoles may also be used and
would probably provide equivalent electrical performance.

The VSWR characteristics of a full-scale laboratory model of a wire-
grid dipole with flat sleeves are shown in Fig, 36. The dimensions are as
given in Fig. 35, The measurements were made with the dipole mounted on
a partial cylindrical surface of 84-in. diam (Fig. 34). The VSWR is less than
2,5:1 over the operating frequency range of 225 to 40U MHz. As mentioned in
Section lIIB, the VSWR response of the tull-scale model is flatter than that
obtained for the half-scale model because the effective dipole diameter of
the half-scale model is slightly less than half that of the full-scale model.
However, the VSWR data of Fig. 36 indicate that the dipole and sleeve
parameters have not yet been optimized and can be further improved.

For example, the maximum VSWR of 2, 5:1 at mid-band can be reduced

by varying the length of the sleeves, The VSWR at the band cdges will he
slightly increased (Ref. 3), and a f{latter VSWR response will be pro-

vided over the desired operating frequency band. However, this optimization

procedure has not been performed because of the lack of time.
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The radiation pattern characteristics of the full-scale antenna are
expected to be identical to those of the half-scale antenna. The equatorial
and polar plane radiation patterns at 225, 300, and 400 MHz are shown in
Figs. 37 and 38, respectively. These patterns were obtained from the half-
scale model measurements (Section IIIA). The axial dipole spacing is 40 in.,
and an azimuth phasing cable with an equivalent phase delay of 25 deg at 225
MHz is used. The corresponding phase delays at 300 and 400 MHz are 33
and 44 deg, respectively. The relative beam switching positions (S1 and S2)
in the equatorial plane are also shown in Fig. 37. The decrease in gain at
EOE is a mcasure of the pattern level relative to the beam peak at 8. 65 deg
from the beam switching positions. In the polar plane, the decrease in EOE
gain is given by the relative pattern level at x 8,65 deg from the Beam peak.
The decrease in gain at EOE as a function of frequency in the two planes is
shown in Fig, 18.

The directivity of the full-scale antenna as derived from the half-scale
measurements is given in Fig, 17. A comparison of the measured directivity
with that obtained from 4w integration of the measured radiation patterns is
also given. The difference is attributed to the antenna ohmic as well as other
unaccountable losses. On the average, the antenna loss is 0.28 dB.

The antunna gain is obtained by subtracting the losses from the
directivity. The estimated total antenna system losses (up to the diplexer
input) are shown in Fig. 39 as a function of frequency. The various contribu-
tions are summarized in Table 4. The projected antenna gain (beam peak and
EOE) for the full-scale a~tenna is shown in Fig. 40. The antenna meets the
specified gain requirements delineated in Section IIA,

An exemplary feeding arrangement for the full-scale antenna is described
in Ref. 11, The switching network is similar to that of the LES-6 antenna
system (Ref. 12), A block diagram of the switching network is shown in
Fig. 41. Since the system has 12 radiating elements around the circumferencc
of the satellite instead of eight, SP6T switch elements are substituted in placc

of the SP4T switch elements used in the LES-6 system, and four switches are

uscd, This arrangement reduces the power-handling requirement or the
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individual switches, minimizes diode heating, and retluces the intermodulation
“aevel, The increase in weight trom the use of [our switches is offset by the
ewer number of hybrids required lor the overall feed network,
The power loss through the switching network tor the antenna system
is assumed 15 be the same as tor the LES-6 system,  The perforimance of a
PES-6 backup switch tobtained trom the MI'T Lincoln Laboratory) was mea-

~ured over the 225 10 400 Mz band and the results reported in Ref, 11,

Table 4. Sunrnary ol Antenna Systemn Lossces

|.i)h‘>’L':wJ K

Froequency, Ml 2o 200 27 500 32 350 37 400
Antuniia 0,28 0.,2x (o2 0,28 0,2 .25 0,28 0,2
Nsnatoh PR Y B4 0, S+ .57 0.5 v, g (RIS [
Uolariaer 0.1 0.1 (RIS | 1 0.1 U, 0.1 0.1
swatehing Network i, v S 0,340 (0, ~3 1, 6 . (.74 .50 O.52
Pover Connbiners 0.2 0,2 0.2 0.2 0.2 0.2 0.2 (.2
Cables? L 20 0,21 0,22 0,24 2 0,25 0,0 G,27
Totael] 1, IX 1.67 217 2L2. 2,07 1.0 {.nN 1.50

L2-9t Tength of 5r5-in. o dy Styr . ox or equivalent

e -



V. SUMMARY AND CONCLUSIONS

A circularly polarized, electronically despun antenna system has been
developed for use on spin-stabilized satellites at synchronous altitude. The
antenna consists of 24 wideband radiating elements arranged to form two
circular arrays of 12 elements equally spaced around the circumference of an
84-in. diam satellite. Only a 2 X 2 array is used at any one time. By means of
electronic sequential switching and phasing, the beam can be scanned through
24 equally spaced positions about the spin axis of the satellite. A sensor-
controlled switching logic can be used to point the beam toward the earth as
the satellite rotates. ‘

The basic radiating element is a crossed dipole with flat, open sleeves,
and the antenna system is capable of operation over a frequency band of 1.8:1
(225 to 400 MHz). Both the dipoles and the sleeves are of wire-grid construc-
tion, which minimizes shadowing of the solar cells. For the experimental
model, the measured VSWR of an individual dipole is less than 2.5:1 over the
operating bandwidth.

The recommended switching network for the antenna system is similar
to that used in the LES-6 system with slight modifications. Laboratory mea-
surements of a LES-6 switch unit (obtained from the MIT Lincoln Laboratory)
have indicated satisfactory performance over the entire 225 to 400 MHz band
(Ref. 11).

Results of pattern and directivity mcasurements made on a half-scale
model of the antenna system have indicated that the full-scale antenna can

adequately meet the specified EOE gain requirements as summarized below.

Goal Achieved
225 - 250 MHz 9.0dB >9.3 dB
250 - 400 MHz 6.0dB >8.5dB
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